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Summary

Applying both incoherent and coherent quasielastic neutron scattering we have studied

simultaneously single particle motion, collective relaxation and short range order of deuterium

in d-NbDx. A comparison with recent Monte Carlo simulations lead to a consistent

description of all results in terms of strongly repulsive deuterium-deuterium interactions.

Relating the independently determined tracer and chemical diffusion coefficients with the also

measured structure factor we show experimentally that for lattice gases the de Gennes

narrowing Ansritz needs to be modified by correlation factors.

Introduction

Studying the diffusive behavior of an ensemble of particles we may probe for two

essentially different modes of relaxation: (i) the single particle motion which in the long time

limit leads to the tracer diffusion coefficient Dt and (ii) the collective relaxation of density

fluctuations asymptotically related to the Fick-or chemical--diffusion coefficient Dchcnl.

Both phenomenu are different aspects of the underlying microscopic motions governed by

single particle jump mechanisms and intcrparticlc intcriictions. Applying quasicktstic neutron

scattering as a microscopic probe the first is mewred iri iill incoherent sciittcring cxperi mcnt

probing the self correlation function while the Iiitter is ~vciilcd from coherent s~iittcrin~

sensitive to pair correlmions[ 11

In this brief communicationlzl wc present the first dynamic study where both quunt i[ics

have been investigated simultaneously in onc cxpcrimcnt. We exploited the ;imiliirity of the

cohcrcnt iind irwohcrcnt ncutmn cross sections of dcutcriur)l (oct)h= S,(d),<Illt.= 2,(N~)iin(i

chose the liitti~c giis systcm Nl)llx , Al high dcutcrium c{mccntri~tionp;lir i~t)(lSC!(~orr~liiliot]s”



relax at distinctly different time scales and conscquendy their scpantion bcconws possible

without neutron polarization analysis. Applying a lattice gas model with muhiplc site

blocking[~lwe are able 10describe single particle and collective dynamics mnsimmtly and to

relate static and dynamic scattering data. Thereby we show experimentally that for a kmice gas

the usual de Gmnes narrowing assumption[d~s] has to be modified with respect to particle

codation factors.

Theory

The quasielastic pm of the double differential neumm scattuing cross section for

scattming fim deuterium atoms in hlb~ is given by the sum of an incoherent and coherent

conaibution:

a20
}

~ (l-A) S(Q) Ad . (1)

Thereby ND is the number of D-atoms in the ~ ki and kf are the incident and final wave

vect~ and 2WD is the Dcbye Wailer factm which can be calculated using the Debye

temperature and the D Iocalizcd mode frequencies. At small enough momentum transfers

Q (Q S 1 A-1) the incoherent and coherent quasielastic conrnbutions A~ ant-l~ are sing]e

Lorenuians[ll. Their widths ~m and r~ are related to the t.mccrand collective diffusion

coefllcicnts by

rim(Q) =@ Dt

and

r~(Q) = Q2 DC(Q) .

(2)

(3)

While the intensity of the incoherent contributions is indepdent of Q, the cohcrcnt intensity

follows the coherent stmcture factor of the deuterium atoms S(Q), provided it is comcted for

diffuse scattering originating primarily from Nb-D comhtions, In the Q-riingc of intcrmt lhis

correction A in F4, I does not depend on Q. It is calculated from [hc elilstir dntti of Nblllol and

mnounts to 21% of II c cohcrcn[ intcnsity121.
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The hater, or selfdiffusion coefficient for a lattice gas, is giwm byl~l

Dt(c) = V(c) ft(c) DO (4)

where c is the deuterium concentration. V is the so called site availability factor accounting for

site blocking due to the presence of a finite deuterium concentration. For tetrahedral sites in a

bee metal (6 per host atom) and single site blinking wc have V(c)= 1- c/6; but a more complex

expression evolves f= multiple site blocking. fl is the tracex comelation factor desmibing the

reduction of trwxr diffusion at finite deuterium concentrations due to the enhanced probability

for backward jumps and

DO= 12/~ (5)

is the single particle or intrinsic diffusion meffkient in the empty lattice.

The line width of the coherent quasiclastic line, Eq. 3, may be regarded as the

characteristic time for the formation and disintegration of density fluctuations of the size 21@.

For Q+ Omacroscopic density fluctuations are considered and the cdhxxive diffusion

coefficient DC(Q+O) becomes the macroscopic chemical (Hck) diffusion coefficient. Its

concentration dependence is given by[sl

DC~ (C)= V(C) fro(c)M(C) Do , (6)

The mobility correlation factor fm accounts for the reduction of I)C~m due to local

rearrangement jumps. For simple site blocking fm = 1, while multiple si~eblocking

mechanisms led to fm <1. Note that fm is always larger than ft. The thermodynamic fiictor

M relates to the driving force, the second derivative of the Gil)bs free enthalpy whh respect to

mtcentration, For a system executing only concentration-co:lccnwation fluctuations like a

lattice gas it is the inverse of the structure factor at zero-momentum-transfer:

Ylh= 1/S(0) . (7)

Fur non-vanishing momentum ~nsfcrs dc Gcnncs rcalim.1 thitt c minimum in DC(Q)

uoincidcs with u mitximum in S(Q)141.‘ll~is~>-~illl~ddc (ictm’s llit~owirtg pictoriillly IIW;IIIS

thtit sp:ttiitlly prcfcrwd configur~tions (li~rg~S(Q)) tcn~pmttily disint~grilt~ IIIORslt}wly, IJIINI1



the second momeru mlwionship of the scattering function, Sktild derived his WCII-known u.d-

twc approximationlsl

SC-.(Q,(I)) = SIK(Q . S(Q)- In, (A)).S(Q) , (8)

which for the line widths at small Q leads to

rds rk /s(Q), (9)

an equation widely used in the imerpretationof quasiclastic coherent neutron[Tl and light

scattering data[sl We ncxe, however, that it differs from what is expectd from ccwrelatd

motion in a lattice gas where aeeading to Eqs. 2, 3, 4,6, 7 we have

rcti=rk/ (s(~oft/fm) , (10)

Finally, we turn to the coherent structure factor S(Q) reflecting the shoti-mnge order in

the system. The spatially averaged structure ftmx per D atom can be expressed in terms of the

mailed Cowlcy short-range order parameters C@

S(Q) = [1 - e/6] Z Z ai sin (@i)/ (@I) (11)

where ri is the distance to the “i’’-thcoordination shell and Zj the cocmlination number. For a

lattice gas the ai describe deviations from a random mixture of interstitial vacancies and D-

atoms. Negative ai show that in a coordiniition shell “i” vacancies are over-represented,

Positive ai are indicative for a higher than average deuterium population in this shell.

Experiment

The neutron scattering experiments were prforrned at the INS multichopper time-of-

flight spectrormter of the Institut Laue-Langevin in Grenoble. We investigated cylindrical

polycrystalline NbDx samples with x = 0.51,0.63,0.72 and 0.85. The measurements were

taken in the disordereda’-phaseat418, 486, and 581 K recording 14 spect.ru simulmtcously

at Q-vti]ues between ().IOSand 1,85 A-1, ‘I?te incident wavelength of A = (iA resulted in iitl

cncl ly resolution of about 30 ~cV (1lWl [M). “Il]cdittit were comscwd for background iIn~ by

ll)CiillS of a vunitdium cidihriition run minsfonncd 10uhsolutc intcnsi[ics.



Results

A typical low Q spectrum is displayed in Fig. 1. 1[W;ISIi[[cd with I or 2 Lorcn[zim

lines. Ile resulting residuals at tic top of [his figure clu.rly show Ihe presence of two

quasielastic contributions in the spectrum. As a consequence of the different magnitudes of

tracer and collmtive diffusion coefficients, the narrow Lorentzian can be identified due to

incoherent scattering; the broad one results from coherent scattering.

The dataevaluation in terms of Eq. 1 pmeeded in several steps: In pilot fits it was

realized that the short range order parameters al and az approached values mxrespnd.ing to

complete blocking. ‘Therefore, in the further evaluation they are kept freed at these values and

we only varied as. Higher w were kept at zero, because with resptxt to the accuracy of our

data mrreladons in the fourth and fmher coordination shells appeared not to be significant.

For the determination of D1,Dc and as Eq. 1 was convoluted with the resolution function of

each detector and then simultaneously fitted to eight spectra with 0.23 A-1 s Qs 1.35 A-1,

additionally allowing for a common Q and u independent background. In these fits, we

describe the Q dependence of the collective diffusion coefficient by

DC(Q)= const. / S(Q) (12)

in order to be able to experimentally decide between Eq, 9 and Eq. 10. In older to check the

validity of the assurmd Q dependence, single spectra fits were also performed revealing Q-

dependent results for DC(Q). Multiple scattering corrections were carried out in all fits using

the Monte Carlo program DISCUS[101in a procedure analogous to that described in Ref. 11.

Figure 2 presents the Qdependence of the resulting diffusion coefficients, Fig. 3 displays their

concentration and temperature dependencies in comparison with literature data. Table 1 lists

the resulting quantities.

Discussion

Commencing with the slum run~c ortkr pururneters,wc now consider the different

rcsuhs in more dctuil: We found that onc dru[crium mom coniplctcly blocks its four adjacent

imd the two next neighboring, sites for occupiuion by mhcr dcutcriums. I“hus, [hc dcuhxium-

dcutuium inmwlions m strongly rci)ulsivc. ‘Ilis rcpulsi(m. which is i lso evident from llw

in~rcii.~ of the ttl~~]](dyiliimi~ factor with incrusing cotwcllml[ion, is nmst pnmoum:cd :lt the

Iowcs[ 11conccn[riltioi] of c =:(1.51,where wc (hscrw ii sign iliu:itl[ Id(xmkingeven of dw [bird



6

coordination shell

limited to c = 0.8.

(negative aj). For three shell blocking the maximum dcutcrium content is

Therefore. it is clear that partial blwking of the third shell cannot bc rcaliztx.1

in concentrwd NbDx: on the conmiry, the occupimcy of the third shell muy htxxmw higher

than average (psitive aJ in order to accommodaw all D-atoms in the intm-s[itial I;uticc. (Jur

experimental results for as also show that with increasing tempcmture, short range order

effects in the third shell become less important. These effects arc also directly visible in the

diffusion data of Fig. 3. There, the experimentally observed concentration depem.knee of the

mcerd@w,zco@cien!at418 K is compared with Monte Carlo results[gl for two and three

shell blocking. W data tend to shift from three shell blocking at lower concentration to two

shell blocking at higher concentration a phenomenon which is most pronounced at the lowest

temperature. This observation agrees also with conclusions drawn from thermodynamic &ta

like heat capacity measurernents[lzl - A comparison of those data with Monte Carlo simulations

also suggest a scenario between two and three shell blocking[lgl.

As can be seen from Fig. 2, qualitatively the collective di~izsion coefwiem DC(Q)

exhibit a de Gcxmesnarrowing: they increase inversely to the increase of the structure factor

S(Q). Quantitatively, however, for all deuterium concentrations and temperatures, systematic

deviations are observed: the DCvalues obtained from a simultaneous fit of Eq. 12 (upper solid

line in Fig. 2) as well as the DCvalues obtained from single spectra fits (black dots in Fig. 2)

arc larger than those calculated by means of Skblds ud-hoc approximation @q. 9) from the D1

values, which were independently determined from the incoherent scattering. The missing

factor is easily identified (see Eq. 10) as the ratio f[ / fm, also called Haven’s ratio. Although

the resulting value for ft / fm (last column in Table 1) are subject to numerical uncertainties,

their magnitudes lie within the mnge of Monte Carlo results for two and three shell blmking[gl

(two shell blocking: ft / fm = 0.89 and 0.72 for c = 0.51 and 0.72, respectively; three she)!

Mocking: f[ / fm = 0.69 and 0.60 for c = 0.51 and 0.72, respectively). Their increase wi’.h

temperature again relates to the shift from three to two shell blocking observed in the shon

range order parameters and the tracer diffusion coefficients. These results also resol V-

discrepancies found in earlier experiments when results from different techniques, like Got-sky

effect and quasielastic neutron scattering, were compared. Potzcl et all]41 rcpotlcd a

Haven’s rat’o of 1.2, which is clearly unphysical and must originittc from systematic errors

arising when compit.ring the outcome from different techniques. Such systematic cmors mtiy

id.socxrditin why our vitlucs for DC~m arc systcmuticu]ly higher ~hunearlier Gorsky cffcctsl 151

(l:ig, .21,



Finally, wc rcma.rk on tlw di.scrcpimcy bctwccn [he widely used Skiild tipproxim:ition of

the de Chmncs mu-rowing (Eq. 9) and the lattice gas resuh (Fq. lo) favored by our dtim

Phy.sicully, the SkOld approximittion means an cffcctivc rmwsupproximwion: the collective

motion of interacting atoms of mass m is described by the single-particle motion of a cluster of

atoms of mass m“S(Q), S(Q) being a measure of the effective number of particles, which

contribute at the momentum transfer fiQ. This is a simple minded way to describe a collective

motion; it is incorrect with respect to the fourth, sixth, eighth, etc., moments of the scattering

function. A whole series of further developments of this kind of theory have carefully been

testd by comparing the respective coherent scattering functions with the neutron scattering data

on liquid argon and none of them “gives a completely adequate representation of the data’’[l?l.

Since these much more complex thexxies didnot work out better than Skolds simple ud-hoc

approximation, the latter survived. Collective motion is affected by interactions, and this

influence can be expressed in terms of correlation factors. Therefore, the second simplest

approach-as such we consider ours-must somehow contain these cortdation factors.

Formally, the dismepancy between Eq. 9 and Eq. 10 is due to line-sha~ effects: excess

intensity in the wings of the small Q incoherent neutron scattering function for diffusion in

concentratcxi lattice gases increes the semrtd momen~ but does not conrnbute to the line

width at half maximum. Such deviations t%oma Laentzian line shape in the intervening region

Oc< c e< 1 have been predicted on the basis of theoretical considerations by Ross and

Wilscd I31.

Conclusion

In summary, exploiting the coherent and incoherent scattering from dcutcrium, we have

performed a comprehensive quasielastic neutron scattering study on a lattice gas with

pronounced repulsive interactions. Based on a hard sphere model involving blocking of the

first two neighbor shells and variable occupation of the third shell, wc were able to establish a

consistent interpretation of the static and dynamic properties in relating the short range mdcr of

the deuterium atoms to their single particle and collective motiomtl Mhuvior. For lattice gases

the often used empirical Ansatz for the dc Gcnnes narrowing in cohcrcnt qwtsiclitstic neutron

scattering can considerably & improved by int.ralucing the rittio of the comclitticmfiwtors, in

accordance to Iatticc gm theory. Wc hitvc dcmonstrii[cd this cxpcrimcn[idly for a met.d /

deutcrium systcm, but wc me convinced thiu it is equally importiint for supcrionic conductors.
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Figure

Fig. 1:

Fig. 2:

Fig. 3:

Captions

Quasielastic neuumn .scattenng data for NbD~.~sat Q = 0.80 and T = 58 I K: Icfl hand

side: fit with one Lorentzian; right hand side: tit with a narrow (incoherent) and a

broad (coheren~ dashed) Lorentzian; upper pint: the respective resulting (statistically

weighted) residuals.

Q dependence of the deuterium diffusion coefficients in Nb~.85 at 581 K (left

ordinate); the black dots result from a simultaneous fit of Eq. 1 to the data but with

DC(Q)h to vary individually for each @alu~ the upper solid line is the result of a

sirnuhaneous fit with the Q dependence of DC(Q)ash Eq. 12. The lower solid line

represents the de Gennes narrowing result Dc(Qj = ~/ S(Q). The black triangles

display the coherent deuterium intensities (right ordinate). lle dashed line results from

the simultaneous fit.

Resdting dueterium tracer (larger guide dashes) and chemical (solid guide lines)

diffusion coefficients in Nb~ (full symbols) in comparison to experimed and

theoretical literature data: crosses: well established ~ values[161,open symbols:

chemical diffusion coefficients from [151,upper (lower) small dashes: Monte Carlo

results of the tracer diffusion coefficients at 418 K for a twoshell (three-shell) blocking

model[3J.

Table Caption

Table 1 Tracer diffusion and chemical diffusion coefficients, short range order parameters,

themmdynamic factors and Haven’s ratio for deuterium diffusion in Nb.


